Abstract. A number of image microscopies have been applied to films of π-conjugated polymers and their fullerene blends used in photovoltaic applications; however, they seldom are able to map the polymer/fullerene grain interfaces and detect microscopic defects in the blend films. We have conducted multiphoton microscopy using a 65-fs mode-locked laser at 1.56 μm for spectroscopy and mapping of films of two prototype π-conjugated polymers, namely MEH-PPV and P3HT combined with their blends of PCBM fullerene molecules. The pristine polymer films have shown third harmonic generation and three-photon photoluminescence emission bands that are used for mapping the film topography with micrometer spatial resolution. Since the nonlinear photoluminescence band of the photogenerated charge transfer excitons (CTE) at the polymer/fullerene interfaces in films of polymer/fullerene blends is substantially redshifted compared to that of the excitons in pristine polymers, we could readily map the polymer/fullerene grain interfaces using the nonlinear CTE photoluminescence emission. From the multiphoton imaging of the polymer/fullerene films, we show that the polymer super-grains in MEH-PPV/PCBM are substantially larger than those in P3HT/PCBM, which may be detrimental to charge transport and, in turn, to photovoltaic applications, in agreement with smaller power conversion efficiencies obtained for solar cells based on the former blend. In addition, we also found second harmonic generation emission bands in the MEH-PPV/PCBM blend that result from micron-size embedded defects that do not possess inversion symmetry that forms during the film deposition process at ambient conditions. Multiphoton microscopy and spectroscopy are valuable additions to the tools of organic semiconductor films and devices for investigating the properties and growth of polymer/fullerene blends used for photovoltaic applications with micron spatial resolution.
Imaging of π-conjugated polymer/fullerene blends used in organic photovoltaics by nonlinear photoluminescence emission
Introduction
Organic photovoltaic (OPV) solar cell technology based on π-conjugated polymers is driven by the need and potential to harness solar energy cheaply. [1] [2] [3] The active layer in the polymer-based OPV solar cells has been a blend of two organic components, namely the polymer chains as electron donors and fullerene molecules, such as PCBM, as electron acceptors. [4] [5] [6] [7] The firstgeneration polymers used for OPV cells have been regio-regular polythiophene [P3HT; inset] that absorb in the visible spectral range of the solar spectrum. 8 The power conversion efficiencies (PCE) of organic solar cells based on these polymer blends with fullerene molecules have achieved up to 4%. 5, 8 Here, we present our optical studies on films of pristine P3HT and MEH-PPV with their PCBM fullerene blends (Fig. 1 ). In these films, the pristine polymers form microcrystalline grains, whereas the polymer/fullerene blend form separated phases of the polymer and fullerene constitutes; both morphologies are especially interesting to map.
Multiphoton microscopy (MPM) involves inducing the parametric and nonparametric nonlinear optical (NLO) processes of the material in local spots with volumes in the range of femtoliters. 9 It is traditionally used to map deep-tissue regions of biological samples with micron resolution. However, recently, it has proven to be a valuable tool in investigating the optical properties of π-conjugated copolymers and their copolymer/fullerene interfaces in blends via mapping the light-matter interaction of the material as a function of its morphology. 10 This feature has been sorely lacking in many techniques that the OPV community has been utilizing, such as AFM, SEM, TEM, and their variants.
In this work, we introduce MPM for spectroscopy and mapping films of pristine polymers and their PCBM fullerene blends stemming from the nonlinear photoluminescence (NL-PL) emission from charge transfer excitons (CTE) at the polymer/fullerene blend interfaces. In this technique, we have used the different third-order NLO coefficients [χ ð3Þ ] such as third harmonic generation (THG) of the polymers and fullerene molecules, respectively, to map the film topology with micron resolution. Most importantly, we have also used the NL-PL emission from the CTE at the polymer/fullerene blends to map the interfaces between the polymer and fullerene grains. Furthermore, we use the fact that the second harmonic generation (SHG) associated with χ ð2Þ occurs in π-conjugated polymers only in local sites that lack inversion symmetry, for mapping of microscopic defects in the films.
Experimental
We center our focus here on films of two prototype π-conjugated polymers and their blends with fullerene PCBM molecules where the backbone structures of the two polymers are shown in Fig. 1 insets. The polymers are: (1) soluble derivative of poly(p-phenylene-vinylene), namely, MEH-PPV; and (2) the soluble derivative of polythiophene, namely, the regio-regular poly (hexyl-thiophene) or P3HT. The two polymer blends with PCBM form the active layers of efficient OPV solar cells. 5, 8 The MEH-PPV powder was purchased from American Dye source, Inc. and that of P3HT from Sigma Aldrich Chemical; both were used without further purification. Thick films were deposited via spin casting at speeds of 800 rpm or drop cast from solution in 1,2-dichlorobenzene (ODCB) at a concentration of 10 mg/ml onto sapphire glass substrate. For the polymer/PCBM blends, we used solutions of the polymers and PC 06 BM fullerene (1∶1.5 in weight) with the same concentration in ODCB and were stirred in nitrogen atmosphere overnight. Sapphire substrates were utilized as they show the least amount of NLO emission, such as THG, nonexistent SHG, and do not possess fluorescence or PL emission at the laser source wavelength. 10 The polymer films show pronounced PL bands with a redshifted onset compared with that of the absorption spectrum (see Fig. 1 ). The PL stimulated from a 530-nm laser diode was collected, dispersed by a ¼-meter monochromator and detected by a silicon photodetector. The PL emission is used to map the optical function of the film versus its topology via MPM through making use of NLO-based processes such as two-photon-photoluminescence (TP-PL) or three-photon-PL (ThP-PL).
The multiphoton images (MPI) of the film samples were scanned using a customized multiphoton microscope, the setup and experimental procedures of which have been extensively detailed in the literature. 10 In brief, we used for excitation a femtosecond mode-locked laser operating at 1560 nm, pulse duration ∼65 fs, average power up to 80 mW with a ∼8.5 MHz repetition rate; resulting in an estimated peak power of ∼145 kW and ∼9 nJ pulse energy. The laser beam was focused on the sample within a ∼1-μm 2 spot size using a diffraction-limited 20× 0.75 NA microscope objective (Nikon). A half-wave plate (HWP) and linear polarizer were placed in front of a beam-splitter (BS) for power attenuation. Power dependence measurements were conducted by rotating the HWP and measuring the resulting intensity utilizing the Zurich UHFLI lock-in amplifier in external reference mode (the BS reflects 5% to reference detector). A rotatable 870-nm dichroic mirror transmits the laser excitation reflection from the sample and reflects the resulting THG, SHG, and/or TP-PL/ThP-PL emissions onto two photomultiplier tubes (PMT). A 560-nm dichroic mirror was used to split the THG and the SHG/PL to separate PMTs. The resulting emission from the sample was coupled into an Ocean Optics QE65000 spectrometer by rotating the 870-nm dichroic. A long wave pass filter (LWP) with onset at 750 nm was placed in front of the SHG/PL PMT branch. This was done in order to map the CTE in the sample, as opposed to leaving the whole bandwidth open above 560 nm, ultimately masking the interface with excitons isolated from the PCBM fullerenes. Figure 1 shows the polymers' absorption and PL spectra in the near-IR visible spectral range. The optical gap of both polymers is ∼2.1 eV, as deduced from the absorption spectrum onset. The PL emission spectrum contains the 0-0 transition followed by 0-1 and 0-2 phonon replica that are ∼180 meV apart (due to C═C stretching vibration). However, whereas the 0-0 line in MEH-PPV is rather pronounced, the 0-0 line in P3HT is much weaker than the 0-0 line. This was interpreted as due to aggregates in the film that form in lamellae perpendicular to the substrates, 11 which suppress the PL 0-0 line intensity. 12 In MEH-PPV, superstructures of the polymer chains also form, 13 but aggregation does not lead to PL 0-0 line suppression. In contrast, the PL emission in polymer/PCBM films is much weaker (not shown here) because of the exciton dissociation into free electron-hole polaron pairs. However, it has been demonstrated that stable CTE also forms at the polymer/fullerene interfaces that shows weaker PL band that is redshifted by ∼0.3 eV from the PL 0-2 band in the pristine polymers. 14 
Results and Discussion

MPM of Pristine MEH-PPV and MEH-PPV/PCBM Blend
Figure 2(a) shows a typical nonlinear optical spectrum of pristine MEH-PPV film. The polymer shows a strong THG band at ∼520 nm, followed by an NL-PL band with 0-0 peak at 590 nm that is similar to the PL spectrum shown in Fig. 1(a) for the CW excitation. Since the laser photon energy (∼0.8 eV) cannot excite the MEH-PPV PL band at 2.1 eV, it is obvious that the NL-PL emission here is due to three-photon absorption in the film (at ∼2.4 eV). To confirm the nonlinear generation of the PL band, we conducted PL laser excitation intensity (I L ) dependence compared to the excitation dependence of the THG emission, which is an obvious three-photon process. Indeed, we could fit the PL intensity, IðI L Þ dependence using an I 3 L function that undergoes saturation at high power, using the relation:
; where the saturation level, I S , is 200 AE 20 mW and n ¼ 3 for both THG and PL; this is consistent with threephoton processes. Figure 2 (b) shows a typical MPI of a pristine MEH-PPV film. The MPI shows that THG emission occurs everywhere in the film; however, ThP-PL is larger at preferred areas of the film, so that its emission intensity is in fact higher than that of the THG emission at those spots. The THG and ThP-PL typical spatial dispersion in the film may be explained by the polymer chain length distribution known to exist in disordered polymers, such as MEH-PPV. This is caused by the polymer film inhomogeneity, which also influences the large width of the PL band and the absorption spectrum above the optical gap of this polymer [see Fig. 1(a) ]. It is well known that in polymers the NLO coefficient such as χ ð3Þ ðTHGÞ sharply increases with the chain length. 15, 16 Since the ThP-PL is generated via third-order absorption of which strength is related to that of THG, it is obvious that the strongest NL-PL emission preferentially originates from long chains in the film, which actually form clusters in MEH-PPV. 13 This also explains that the ThP-PL map actually follows the THG map in that there are many spots with larger emission [see Fig. 2(b) insets when using green and red filters].
Figure 3(a) shows a typical nonlinear optical spectrum of an MEH-PPV/PCBM blend film. In addition to the usual THG band at ∼520 nm, the spectrum now contains an NL-PL band with 0-0 peak at 750 nm, which is substantially redshifted compared to the NL-PL band in the pristine polymer [see Fig. 2(a) ]. We identify this new NL-PL band due to the CTE at the polymer/ fullerene interfaces, 14 as its 0-0 photon energy coincides with that of the CTE band in the MEH-PPV/blend measured by electroabsorption spectroscopy. 17 Previously, THG was used to map copolymer blend interfaces; 10 however, here we demonstrate that we can also use the redshifted near-IR NL-PL band of the CTE to map the polymer/fullerene interfaces in the film. Figure 3 (b) shows a typical MPI of the blend film. The film's texture is now very different from that of the pristine polymer film. The χ ð3Þ coefficient is much larger in the polymer chains than in PCBM molecules due to the extended quasi-one-dimensional morphology of the chains, 16 and thus a contrast in the THG intensity between the blend constituents is generated. The MPI demonstrates that the blend film is composed of interpenetrating supergrains of MEH-PPV and PCBM of about 10 to 15 μm in size, which is larger than the exciton diffusion length in MEH-PPV. In addition, there are also much finer grains that are micron size. This situation is less than ideal for exciton dissociation into electron and hole pairs at the polymer/fullerene interfaces, since many photogenerated excitons would recombine before reaching the polymer/fullerene interfaces. This exciton density loss may explain the relatively poor performance of OPV solar cells based on MEH-PPV/PCBM blends, attaining PCE of ∼3%.
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It is interesting to note that the CT-related NL-PL is concentrated in large structures with lateral dimension of the order of 25 μm. These structures do not follow the same texture as that of the THG image. This can be clearly seen when green and red filters are used [see Fig. 3(b) insets] . A close look at these structures shows that the NL-PL emission is not homogeneous but comes from smaller substructures that emit light stronger. We thus identify these substructures as grains of the polymers; which, as seen, are not interconnected. Obviously, the lack of connectivity does not help the charge transport in OPV devices based on this blend, and this adds to the poor performance of such devices. Figure 4 demonstrates the unique advantage of MPM mapping compared to other mapping methods mentioned in the literature. Namely, MPM is able to pinpoint defects in the film that lack inversion symmetry, a feature sorely lacking in other mapping methods. Figure 4 (a) identifies a defect in the MEH-PPV/PCBM blend film that shows relatively strong SHG emission that is superposed onto the CTE NL-PL band [ Fig. 4(b) ]. There are other such defects in the film. This kind of defect cannot originate from a single polymer chain, as a radical or break in local sites of the chain would not necessarily break the inversion symmetry of the polymer chain. We thus believe that the native defect with SHG emission shows that several polymer chains are oddly intertwined together. This type of structure may lack inversion symmetry that is required to obtain SHG emission and would be large enough to show SHG emission band that is more intense than the THG emission band.
(b) (a) Fig. 4 (a) Multiphoton image and (b) spectrum of MEH-PPV/PCBM blend that contains a microscopic defect. The emission bands THG, SHG, and ThP-PL are assigned in (b). Also note the logarithmic y -axis. The multiple peaks seen in the THG and SHG bands are due to the broad spectrum of the fs mode-locked excitation laser. Figure 5 (a) shows a typical nonlinear spectrum of pristine P3HT film on logarithmical y-scale. The polymer shows a strong THG band at ∼520 nm, followed by an NL-PL emission band with maximum at ∼700 nm, which is in fact the 0-1 PL replica in the PL spectrum [see Fig. 1(b) ]. As in the case of MEH-PPV above, the laser photon energy (∼0.8 eV) cannot excite the PL band at ∼2.05 eV, in which case, the NL-PL band here cannot be photogenerated by one-or two-photon absorption. Therefore, we consider the NL-PL band due to three photon NLO process, namely ThP-PL, where three pump photons are simultaneously absorbed into the polymer-excited state that subsequently thermalizes and emits NL-PL, similar to the case of MEH-PPV (Fig. 2) . Figure 5 (c) shows a typical MPI of the pristine P3HT film. As in the case of MEH-PPV, we see that the THG emission occurs everywhere in the film, but the ThP-PL is larger at preferred areas of the film, where the lamellae in the film contain long polymer chain. Figure 5 (b) shows a typical nonlinear spectrum of a P3HT/PCBM blend film. In addition to the THG band at ∼520 nm, the spectrum now contains an NL-PL band that covers a very broad spectral range from 560 to over 900 nm (which is the spectrometer cutoff wavelength). We interpret this broad NL-PL due to a combination of NL-PL emission from excitons in polymer chains that are not in contact with the PCBM grains (from 560 to 700 nm, which is blueshifted from the NL-PL band in pristine P3HT film, probably due to short polymer chains here) and NL-PL emission from the CTE species (at 800 to 900 nm), similar to the near infrared NL-PL from the CTE in MEH-PPV/PCBM (Fig. 3) . This shows that NL-PL emission from CTE is quite generic to polymer/fullerene blends. 18 Consequently, we may also use this NL-PL band to map the polymer/fullerene interfaces in this blend. The MPI of the blend film is shown in 
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Fig. 5(d).
In contrast to the MPI of MEH-PPV/PCBM, we find that the ThP-PL here comes from finer spots in the film, indicating that the average polymer/fullerene grain size in P3HT/PCBM is smaller. This is good news for OPV applications, since the photogenerated excitons in the polymer grains are able to reach the interfaces before recombining, so the exciton loss is minimized. Indeed, we note that the PCE is larger in OPV cells based on P3HT/PCBM compared to that in cells based on MEH-PPV/PCBM blends. In order to separate the NL-PL due to recombination of CTE at the interfaces of polymer/ fullerene grains in the blend film from that of excitons in the polymer grains, a long pass filter at 750 nm was placed in front of the SHG/PL PMT branch. Figure 6 is a power dependence measurement of the NL-PL emission from the film having wavelength longer than 750 nm. It shows a power dependence ðI L Þ n with n ¼ 2.80 AE 0.05.
Conclusions
We have introduced a new spectroscopic tool, MPM, for mapping the film morphology with micron spatial resolution. We have used this technique in two π-conjugated polymers and their blend with fullerene molecules engineered for OPV applications. This tool is based on parametric and nonparametric emissions, such as THG, SHG, and NL-PL, induced by NLO processes such as two-or three-photon absorption. MPM is capable of observing the separate micron-sized grains of the polymer and fullerene in their blend film, which is highly desirable for OPV applications. In addition, we have used the NL-PL emission from the CTE at the polymer/ fullerene interfaces in the blend to map the polymer grain surfaces in the film, again with micron spatial resolution. We found that the polymer supergrains are larger in MEH-PPV/PCBM film compared with those in P3HT/PCBM film, and this may partially explain the higher PCE in OPV solar cells based on P3HT/PCBM. We have also shown that SHG observed in MPI is capable of detecting native defects which lack inversion symmetry.
